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Abstract 

Previous studies of the development of cholinergic sympathetic innervation of sweat glands in 
rat footpads suggested that these terminals initially exhibit noradrenergic properties which are lost 
as the glands and their innervation mature. We have treated neonatal and adult rats with 6- 
hydroxydopamine (6-OHDA), a toxic congener of norepinephrine, and compared its effects on the 
cholinergic sympathetic innervation of sweat glands and the noradrenergic sympathetic innervation 
of the iris, salivary gland, and blood vessels. As reported by others, 6-OHDA treatment of neonates 
caused the destruction of noradrenergic fibers in the iris and salivary gland but did not affect other 
fibers projecting to these targets that stain for acetylcholinesterase (AChE). We found that 6- 
OHDA treatment of neonatal animals also caused the destruction of the sympathetic axons in 
immature sweat glands that possess catecholamine histofluorescence and tyrosine-hydroxylase-like 
immunoreactivity. Furthermore, when such animals were examined as adults, we found no AChE 
staining, vasoactive intestinal peptide (VIP)-like immunoreactivity, or characteristic sympathetic 
axonal varicosities. However, the denervated glands were invested by a plexus of sensory axons, 
some of which exhibited substance P-like immunoreactivity (SP-IR). An increase in the number of 
SP-IR fibers also occurred in the sympathetically denervated irides of these animals. Chronic 
treatment of neonates with guanethidine, another adrenergic sympathetic neurotoxin, resulted in 
similar loss of cholinergic sweat gland innervation. Treatment of adult rats with doses of 6-OHDA 
identical to those used to treat neonates caused the loss of noradrenergic fibers from the iris, salivary 
gland, and many blood vessels but did not noticeably affect AChE and VIP staining or axonal 
ultrastructure in the sweat glands. However, treatment with higher doses of 6-OHDA did cause 
significant axonal degeneration. The response of the sympathetic innervation of developing but not 
mature sweat glands to 6-OHDA provides evidence for a transition from noradrenergic to cholinergic 
phenotype during the development of sympathetic neurons in uiuo similar to the transition observed 
in cell culture. The sprouting of sensory axons may be caused by NGF-like trophic influences 
present in some sympathetically denervated tissues. 

Most principal sympathetic neurons are noradrener- vation in developing and adult rats has uncovered several 
gic. A minority, including those which innervate eccrine unusual properties (Landis and Keefe, 1983). First, dur- 
sweat glands concentrated in footpads of cats and rats, ing development, the axons associated with the immature 
are cholinergic. Examination of the sweat gland inner- glands possess several cytochemical properties associated 

with noradrenergic function, including catecholamine 
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elaborated an axonal plexus in the maturing glands. More 
generally, these observations raise the possibility that 
some cholinergic sympathetic neurons undergo a transi- 
tion from noradrenergic to cholinergic function during 
development in uiuo similar to that described in cell 
culture. (M. Johnson et al., 1976, 1980; Patterson, 1978; 
Landis, 1980; Potter et al., 1981). 

We have used the toxic catecholamine congener 6- 
hydroxydopamine (B-OHDA) to obtain further evidence 
for the presence of noradrenergic properties in develop- 
ing cholinergic sympathetic neurons. 6-OHDA is taken 
up selectively by catecholaminergic neurons. In adult 
animals, it causes the destruction of peripheral norad- 
renergic nerve terminals but not cell bodies (Thoenen 
and Tranzer, 1968; De Champlain, 1971; Clark et al., 
1972; Finch et al., 1973). However, when administered 
to neonatal rats and mice, 6-OHDA causes the destruc- 
tion of peripheral noradrenergic nerve terminals and also 
cell bodies, resulting in a near-total chemical sympathec- 
tomy (Angeletti and Levi-Montalcini, 1970; Angeletti, 
1971; Jaim-Etcheverry and Zieher, 1971; Clark et al., 
1972; Finch et al., 1973). We reasoned that if the devel- 
oping sweat gland innervation was initially noradrener- 
gic and became cholinergic, as our ultrastructural obser- 
vations suggested, then 6-OHDA treatment of newborns 
would eliminate the sweat gland innervation while treat- 
ment of adults should not. However, if the glands were 
innervated by two populations of axons, one noradrener- 
gic, that was later lost, and one cholinergic, that was 
retained, then neither neonatal nor adult 6-OHDA treat- 
ment should eliminate completely the sweat gland fibers. 
In addition, we chronically treated neonatal rats with 
guanethidine which, like 6-OHDA, causes chemical sym- 
pathectomy (Burnstock et al., 1971; Eranko and Eranko, 
1971; Johnson and O’Brien, 1976; Herskovits and Singh, 
1982; Manning et al., 1983). 

Materials and M&hods 

Litters of newborn and adult rats were obtained from 
Charles River (CD strain, Wilmington, MA). Experimen- 
tal animals received intraperitoneal injections of 100 mg/ 
kg of 6-OHDA (Sigma Chemical Co., St. Louis, MO) 
dissolved in physiological saline (0.85% NaCl) with 0.5 
mg/ml of ascorbic acid to retard oxidation of the drug. 
Control animals received injections of the vehicle solu- 
tion only. Rat pups were injected on days 1 to 7 and day 
12 after birth. Animals treated as neonates were killed 
at 7 and 14 days, 4 weeks, 2 months, and 5 months after 
birth. Similar protocols have been shown to result in the 
loss of the catecholamine stores in heart and salivary 
gland (Clark et al., 1972; Finch et al., 1973). Identical 
dosages and sequences of 6-OHDA or control injections 
were given to adult rats (150 to 300 gm). These animals 
were killed and examined 2 weeks after the injections. In 
addition, six adult rats were injected with higher doses 
of 6-OHDA, 200 mg/kg twice a day. Three animals were 
killed after three injections, and their irides and footpads 
were examined with the electron microscope after alde- 
hyde-osmium fixation. Three animals were killed after 
14 injections, and their footpads were examined with the 
electron microscope after aldehyde-osmium fixation. In 
total, more than 60 animals injected as neonates and 30 
animals treated as adults were examined. 

One litter (10 pups) of newborn rats was treated with 
guanethidine. The animals were injected intraperito- 
neally 5 days/week for 6 weeks with 50 mg/kg of guaneth- 
idine sulfate (Ismelin, CIBA) in saline. These animals 
were examined 8 weeks after the initiation of injections. 

Procedures for formaldehyde-induced fluorescence, 
AChE staining, and the ultrastructural studies have been 
described in detail previously (Landis and Keefe, 1983). 
In brief, submandibular salivary glands, hind footpads, 
and irides were prepared for catecholamine histofluoresc- 
ence according to the Falck-Hillarp technique. For AChE 
staining, cryostat sections of footpads and salivary glands 
and stretch preparations of iris were briefly fixed with 
1% paraformaldehyde and 1.25% glutaraldehyde in phos- 
phate buffer, rinsed, and processed using the Karnovsky- 
Roots procedure. For light and electron microscopy, rats 
were perfused transcardially with fixative containing 2% 
paraformaldehyde and 2.5% glutaraldehyde in phosphate 
buffer. In some experiments, rats were perfused with 4% 
paraformaldehyde in phosphate buffer, and the pads 
from one foot were further fixed for electron microscopy 
by immersion in 2% paraformaldehyde and 2.5% glutar- 
aldehyde, whereas pads from the other foot were used for 
immunocytochemical staining. Footpad slices were post- 
fixed with osmium tetroxide, stained en bloc with uranyl 
acetate, dehydrated, and embedded in Epon. One-mi- 
crometer plastic sections were stained with toluidine blue 
and thin sections with lead citrate. 

Tyrosine hydroxylase-like(TH-IR), vasoactive intes- 
tinal peptide-like (VIP-IR), somatostatin-like, and sub- 
stance P-like (SP-IR) immunoreactivities were examined 
with immunocytochemical techniques in footpads, irides, 
and tongue. To examine footpads and tongue, rats were 
perfused with 4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.3, for 10 min. The hind footpads and tongue 
were removed and left in the fixative solution for 1 hr, 
rinsed in 0.1 M phosphate buffer, and equilibrated with 
30% sucrose in 0.1 M phosphate buffer overnight. Ten- 
micrometer cryostat sections were mounted on gelatin- 
coated slides. To examine irides, the unfixed iris was 
stretched onto a gelatin-coated slide, allowed to dry 
partially, immersed in 4% paraformaldehyde for 60 min, 
and then rinsed extensively with phosphate buffer. Slides 
were rinsed with phosphate-buffered saline (PBS) and 
incubated with rabbit antisera to VIP (1:500 dilution), 
to substance P (1:250), to somatostatin (l:lOO), or to TH 
(1:lOOO) in humid chambers at 21°C for 16 to 20 hr. 
Following incubation, the sections were rinsed with PBS 
and incubated for 2 hr at room temperature with tetra- 
methylrhodamine isothiocyanate-conjugated goat anti- 
rabbit immunoglobulin (Cappel, Cochranville, PA). The 
sections were rinsed again with PBS (3 x 10 min), 
mounted in glycerol:ethanol (l:l), and examined with a 
Zeiss microscope equipped with epifluorescence and a 
rhodamine filter set. All incubations with antisera were 
carried out in a solution containing 0.5 M NaCl, 0.01 M 

phosphate buffer, pH 7.3, 0.2% Triton X-100, 0.1% so- 
dium azide, and 5% bovine serum albumin (BSA, Sigma 
Chemical Co.). 

The VIP antiserum used in these experiments was 
prepared in rabbits with a carbodiimide conjugate of 
synthetic VIP (Boehringer-Mannheim, Indianapolis, IN) 
(Fahrenkrug and Shaffahtsky de Muckadell, 1977) with 
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BSA. The substance P and somatostatin antisera were 
obtained from Immunonuclear (Stillwater, MI). The TH 
antiserum was a gift from Dr. J. Thibault of the College 
de France, and its properties have been described else- 
where (Thibault et al., 1981). No staining was observed 
if normal rabbit serum was substituted for the primary 
antisera or if the VIP, substance P, or somatostatin 
antisera were pre-incubated with 10 fig/ml of the appro- 
priate synthetic peptide (Boehringer-Mannheim). 

Results 

Treatment of neonatal rats. To assess the effectiveness 
of our 6-OHDA treatments, we examined the sympa- 
thetic and parasympathetic innervation of the iris and 
salivary glands of adult animals that had been treated as 
neonates. In normal rats, a dense network of sympa- 
thetic, catecholamine histofluorescent fibers was present 
in the iris (Fig. la) and submandibular salivary gland. 
AChE staining also revealed an axonal plexus in the iris 
and salivary gland (Fig. lc). The AChE reflects princi- 
pally parasympathetic innervation since in the iris the 
staining disappears after ciliary ganglionectomy (Ehin- 
ger, 1966) and in the salivary gland the staining is not 

affected by sympathectomy (Snell and Garrett, 1958; 
Freitag and Engel, 1970). Neonatal treatment of animals 
with 6-OHDA resulted in the virtually complete absence 
of catecholamine fluorescent fibers from both salivary 
gland and iris in rats examined as adults (Fig. lb), but it 
did not affect the pattern or intensity of the AChE 
staining in these tissues (Fig. Id). 

We examined the effects of neonatal 6-OHDA treat- 
ment on the cholinergic sympathetic innervation of 
sweat glands in the footpads of both developing and adult 
animals. In normal animals at 7 and 14 days, the fibers 
in the sweat glands possess catecholamine histofluoresc- 
ence (Landis and Keefe, 1983) and TH-IR (Siegel et al., 
1982) (Fig. 2, a and c); after 21 days, the sweat gland 
fibers can be identified reliably with the light microscope 
by prominent AChE staining and immunoreactivity for 
VIP (Fig. 2, e and g). However, in the 6-OHDA-treated 
rats, no catecholamine histofluorescence or TH-IR (Fig. 
2, b and d) was evident in the developing sweat glands 
at 7 and 14 days, and no AChE or VIP-IR was evident 
in the mature sweat glands (Fig. 2, f and h). 

When the sweat gland innervation of normal adult rats 
is examined with the electron microscope, bundles of 8 

Figure 1. Effect of neonatal 6-OHDA treatment on innervation of the iris. a, Fluorescent fibers in the dilator region of an iris 
stretch preparation, treated with paraformaldehyde vapor, indicate the presence of catecholamines. This is a 4-week-old control 
rat. Magnification X 320. b, No catecholamine-fluorescent fibers are evident in the iris of a 4-week-old rat treated with 6-OHDA 
as a neonate. Magnification X 320. c, AChE staining discloses a plexus of fibers in the dilator region of an iris stretch preparation 
in a 4-week-old control rat. Magnification x 320. d, 6-OHDA treatment does not affect the AChE staining pattern in the iris in 
a 4-week-old rat treated as a neonate with 6-OHDA. Magnification x 320. 



Figure 2. Effect of neonatal 6-OHDA treatment on sympathetic innervation of sweat glands. a and c, at 7 (a) and 14 (c) days, 
TH-IR fibers are associated with the developing sweat glands of control rats. Magnification X 320. b and d, No TH-IR is 
associated with the developing sweat glands of rat pups treated with 6-OHDA. b, 7 days; d, 14 days. Magnification X 320. e, 
AChE staining reveals a plexus of densely stained fibers in the sweat glands of normal 2-month-old rat. Magnification X 320. f,  
No AChE staining is evident in the sweat glands of a 2-month-old rat treated as a neonate with 6-OHDA. The cells of the 
secretory tubule appear faintly stained by methylene blue in e and f. Magnification X 320. g, The axonal plexus in the sweat 
glands of a normal 2-month-old rat contains VIP-IR. Magnification x 320. h, No VIP-IR is evident in the sweat glands of a 2- 
month-old rat treated as a neonate with 6-OHDA. 
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to 15 axons are observed coursing through the secretory 
portion. In any single section, profiles of both axonal 
varicosities, which contain numerous clear synaptic ves- 
icles and occasional large dense-core vesicles, and inter- 
varicose regions, which are characterized by the presence 
of microtubules, can be seen (Fig. 3~). When the sweat 
glands of the 6-OHDA-treated animals were examined 
ultrastructurally, we found that some areas, which in 
normal animals would typically have contained an axon 
bundle, were frequently vacant in 6-OHDA-treated ani- 
mals. However, the sweat glands were not completely 
devoid of innervation. Some bundles of axons were pres- 
ent, but the axons were morphologically different from 
those present in the glands of control animals (Fig. 3). 
Fewer axons were present in each bundle, and the axons 
contained relatively few microtubules and lacked large, 
synaptic vesicle-filled varicosities. Some small varicosi- 
ties were seen, but these contained almost exclusively 
large dense-core vesicles that appeared larger than those 
present in the normal cholinergic sympathetic innerva- 
tion. Despite the abnormal innervation, the secretory 
tubules of treated animals appeared similar to those of 
control animals except that the coils of the tubule were 
packed more tightly in experimental animals than in 
controls (Fig. 4). Similar findings were observed at pe- 
riods from 2 weeks to 5 months after the cessation of 6- 
OHDA treatment. 

Several experiments were performed to determine the 
source of the axons in the sweat glands of the 6-OHDA- 
treated animals. Sensory fibers are present in the dermis 
and subcutaneous tissue of the skin and might grow into 
the denervated glands. Since some of the sensory axons 
in the skin contain SP (Hokfelt et al., 1975, 1977; Polak 
and Bloom, 1981; Holzer et al., 1982) and somatostatin, 
we stained multiple sections of footpads from 10 control 
and 10 6-OHDA-treated animals for these neuropeptides. 
Somatostatin-IR fibers were rarely observed in the der- 
mis and were never seen in the sweat glands of normal 
or 6-OHDA-treated rats. In normal rats, individual SP- 
IR axons were consistently found in every section of the 
dermis examined but were rarely observed in the sweat 
glands (Fig. 5a); on average, 1 gland in 20 sampled 
contained a SP-IR fiber. In contrast, SP-IR fibers were 
observed in virtually all of the sweat glands of all of the 
animals treated with 6-OHDA as neonates and examined 
as adults for SP-IR (Fig. 56). Such fibers were associated 
with the sweat glands of the 6-OHDA-treated animals at 
7 days, the earliest time examined. In addition to the 
appearance of SP-IR fibers in the sweat glands, there 
was an increase in the number of SP-IR fibers in the 
dermis of the 6-OHDA-treated animals at all ages ex- 
amined. To determine whether the axons present in the 
sweat glands of the 6-OHDA-treated animals were sen- 
sory in origin, the fourth, fifth, and sixth lumbar dorsal 
root ganglia (L4, 5, and 6 DRG) were removed unilater- 
ally from three treated animals. After 2 days, a decrease 
was evident in the number of SP-IR fibers in the glands 
and dermis, and degenerating fibers were present in the 
sweat glands on the operated side (Fig. 5d). At 5 days, 
SP-IR was no longer detectable in the sweat glands, and 
virtually no axons were identifiable in thin sections of 
the glands (Fig. 5, c and e). Thus, sensory axons grew 

into the sweat glands which had been denervated by the 
6-OHDA treatment of neonatal animals. 

The distributions of sympathetic and sensory fibers 
overlap in targets other than the skin, and it was of 
interest to determine whether chemical sympathectomy 
would influence sensory fibers elsewhere. One such 
shared target is the iris, which receives a SP-IR projec- 
tion from the Gasserian ganglion (Fig. 6a) (Hokfelt et 
al., 1977; Butler et al., 1980; Miller et al., 1981; Tervo et 
al., 1981; Polak and Bloom, 1981; Kessler et al., 1983a; 
Tornqvist et al., 1982). There was approximately a 2- 
fold increase in the number of SP-IR fibers in the irides 
of animals treated with 6-OHDA as neonates (Fig. 6b). 
No obvious change in the density of SP-IR fibers asso- 
ciated with blood vessels in the footpads or tongue, which 
are normally sparsely innervated by SP-IR fibers (Hok- 
felt et al., 1977; Cue110 et al., 1978; Polak and Bloom, 
1981; Furness et al., 1982), was observed. 

Chemical sympathectomy can also be achieved in neo- 
natal rats by chronic treatment with guanethidine (Er- 
anko and Eranko, 1971; Herskovits and Singh, 1982; 
Manning et al., 1983). When pups which had been treated 
with guanethidine were examined at 8 weeks, the changes 
in the sweat gland innervation appeared similar but not 
completely identical to those observed after 6-OHDA 
treatment. No AChE (Fig. 7~) or VIP-IR was evident in 
the sweat glands (Fig. 7b). As in the 6-OHDA-treated 
animals, SP-IR fibers and bundles of axons which lacked 
varicosities were present in the glands (Fig. 7~). However, 
the SP-IR innervation did not appear as dense in the 
guanethidine-treated animals as in the 6-OHDA-treated 
rats. In contrast, the axon bundles appeared to contain 
more axons than in the 6-OHDA-treated animals. 

Treatment of adult rats. The effects of 6-OHDA treat- 
ment of adult rats were evaluated 2 weeks after the initial 
injection (Fig. 8). As in the neonatally treated animals, 
there was a loss of catecholamine-containing fibers in 
the iris and submandibular salivary gland, and the AChE 
staining in the iris and salivary gland was not affected. 
In contrast to the neonatally treated animals, the AChE 
staining and VIP-IR in the sweat glands of the animals 
treated as adults appeared identical in distribution and 
extent to those observed in control animals. Ultrastruc- 
tural examination of the sweat gland innervation of the 
animals treated with 6-OHDA as adults disclosed no 
obvious toxic effects of the injections. The axon bundles 
appeared normal in their distribution, and the ultrastruc- 
tural appearance of the axons was similar to those of 
control animals (Fig. 9a). Occasional axons showed evi- 
dence of minor damage: they contained autophagic vac- 
uoles, unusual vesicle profiles, or unusually dense axo- 
plasm (Fig. 9a). Noradrenergic fibers associated with 
blood vessels in the footpads were destroyed after both 
neonatal and adult 6-OHDA treatments. Thus, it seems 
very unlikely that the difference observed in the respon- 
siveness of the immature and mature cholinergic sym- 
pathetic fibers was due to altered distribution of the 
injected drug at the different ages. When adult rats were 
treated with higher doses of 6-OHDA (200 mg/kg; two 
times/day), degenerating axon and terminal profiles were 
frequently seen in the sweat gland innervation after the 
third injection (Fig. 8b). After 7 days of treatment, the 



Figure 3. Innervation of sweat glands in normal and experimental animals. a, In normal animals, intervaricose axonal segments 
in the sweat glands (arrowheads) have lucent axoplasm and numerous microtubules. Two axon profiles (arrows) have been 
sectioned close to varicosities; small clusters of vesicles that appear flattened because of primary fixation with 4% paraformal- 
dehyde are evident. The axonal mitochondria have a characteristic dense matrix. Several varicosities are evident in the inset. 
Magnification X 31,000. b and c, The sweat glands of rats treated as neonates with 6-OHDA contain few microtubules, and they 
lack large synaptic vesicle-filled varicosities. Small varicosities with large dense-core vesicles are present. The cores present in 
the vesicles vary in electron density. Paraformaldehyde fixation. Magnification x 31,000. 
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Figure 4. Effects of neonatal treatment with 6-OHDA on sweat gland morphology. The tubule profiles of the sweat glands in 
normal animals (a) are separated from each other by connective tissue elements. After 6-OHDA treatment, the coils of the 
secretory tubule appear more closely packed (b). Asterisk, fat cell. These are l-pm plastic sections stained with toluidine blue. 
Magnification X 425. 

number of axons in the bundles was reduced to approx- 
imately half, and some remaining profiles looked abnor- 
mal. In contrast, parasympathetic cholinergic terminals 
in the irides of previously sympathectomized rats ap- 
peared unaffected by 6-OHDA treatment, even with this 
high dose. 

Discussion 

The dopamine congener, 6-OHDA, causes the selective 
destruction of noradrenergic terminals in the peripheral 
nervous system of adult animals (Tranzer and Thoenen, 
1968; Knyihar et al., 1969; De Champlain, 1971; Lorez et 
al., 1975). Since the neuron cell bodies are not affected, 
the axon terminals regenerate with time (Malmfors and 
Sachs, 1968; Jonsson and Sachs, 1972; Lorez et al., 1975). 
Toxicity requires uptake via the high affinity catechol- 

amine uptake system into the terminal (Malmfors and 
Sachs, 1968; Bennett et al., 1970) where toxic interme- 
diates are formed (Saner and Thoenen, 1971; Heikkila 
and Cohen, 1973; Tiffany-Castiglioni et al., 1982). As 
previously reported by others, we have found that treat- 
ment of adult animals with 6-OHDA (100 mg/kg on days 
1 to 7 and day 12) resulted in the disappearance of 
catecholaminergic fibers from the iris, salivary glands, 
and blood vessels of the footpads. 6-OHDA treatment 
did not cause the degeneration of AChE-positive (puta- 
tively cholinergic parasympathetic) terminals in the iris 
or salivary glands or of cholinergic sympathetic fibers in 
the sweat glands of adult rats. In the sweat glands, AChE 
staining and VIP-IR appeared unchanged, and only mi- 
nor ultrastructural changes were evident. Resistance to 
6-OHDA has also been reported for sweat gland inner- 
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Figure 5. Sensory innervation of sweat glands of rats treated with 6-OHDA. a, No SP-IR is present in most sweat glands of 
normal rats. This is a g-week-old rat. Magnification x 320. b, SP-IR fibers are present in sweat glands of rats treated as neonates 
with 6-OHDA. The SP-IR fibers appear thinner than those of the normal innervation seen with VIP-IR or AChE staining. This 
is a 6-week-old rat. Magnification x 320. c, SP-IR fibers disappear after removal of L4, 5, and 6 dorsal root ganglia. This is a 9- 
week-old rat, 5 days after sensory ganglionectomy. Magnification X 320. d, 2 days after removal of L4, 5, and 6 dorsal root 
ganglia, degenerating terminals are evident in the axon bundles in the sweat glands. Magnification x 31,000. e, 5 days after 
removal of L4,5, and 6 dorsal root ganglia, only Schwann cell processes, identified by the presence of polysomes and prominent 
intermediate filaments, are present in most nerve fibers. Magnification x 31,000. 
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Figure 6. SP-IR in iris of normal and 6-OHDA-treated rats. a, A sparse SP-IR plexus is evident in the irides of normal rat 
Magnification X 320. b, In rats treated with 6-OHDA as neonates, there is a 2-fold increase in the number of SP-IR fibe. 
compared to control animals. Magnification X 320. 
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Figure 7. Effects of neonatal treatment with guanethidine on sweat gland innervation. No AChE (a) staining or VIP-IR (b) 
evident in the sweat glands of rats treated as neonates with guanethidine. However, bundles of axons are seen in thin sectio 
These axons do not display typical sympathetic varicosities but resemble those seen in the 6-OHDA-treated rats. Magnificatior 
a and b, x 320; c, X 31,000. 

is 
In. 
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Figure 8. Effects of 6-OHDA treatment of adult rats on sympathetic innervation of iris and sweat glands. a and b, 6-OHDA 
treatment of adult animals eliminates the formaldehyde-induced catecholamine fluorescent plexus (b) present in the iris of 
normal animals (a) Magnification x 320. c and d, 6-OHDA treatment of adult rats does not affect AChE staining in the iris. c, 
control; d, 6-OHDA-treated rat. Magnification x 320. e to h, 6-OHDA treatment of adult rats does not affect AChE (e and f) or 
VIP-IR (g and h) staining in sweat glands. e and g, control; f  and h, 6-OHDA-treated rat. Magnification x 320. 
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Figure 9. Effects of 6-OHDA treatment of adult rats on cholinergic sympathetic innervation of sweat glands. a to c, The axon 
terminals appear normal after treatment with 6-OHDA with a protocol identical to that used to treat neonatal rats (100 mg/kg 
daily for 7 days). Paraformaldehyde fixation. Magnification x 31,000. b, Degenerating terminals are evident in the sweat gland 
innervation during the course of treatment with higher doses of 6-OHDA (ZOO mg/kg twice daily). Magnification x 31,000. c, 
Following 1 week of 6-OHDA treatment with higher doses of 6-OHDA (200 mg/kg twice daily), the number of axons in each 
bundle is reduced to approximately half. Schwann cell processes made redundant by axonal loss are observed folding back on 
each other. Magnification X 31,000. 

vation in primates by Uno and Montagna (1975). Al- Treatment of neonatal animals with 6-OHDA causes 
though sympathetic terminals in the sweat glands of the destruction of the entire peripheral noradrenergic 
adult rats can take up and store exogenous catecholamine neuron (Angeletti and Levi-Montalcini, 1970; Angeletti, 
(Landis and Keefe, 1983), the accumulation by cholin- 1971; Jaim-Etcheverry and Zieher, 1971; Clark et al., 
ergic sympathetic terminals was less than that observed 1972; Finch et al., 1973). The difference in the effect of 
in noradrenergic sympathetic fibers. Since the destruc- 6-OHDA on adult and neonatal sympathetic neurons has 
tion of catecholaminergic terminals by 6-OHDA is dose- been attributed to a greater requirement of immature 
dependent (Thoenen and Tranzer, 1968; Malmfors and than mature sympathetic neurons for NGF (Thoenen 
Sachs, 1968; Bennett et al., 1970), it seems likely that at and Barde, 1980; Levi-Montalcini, 1982). Destruction of 
the dose used the sweat gland terminals did not accu- the axon terminals in neonatal animals by 6-OHDA 
mulate enough 6-OHDA to cause degeneration. Indeed, would result in the loss of retrogradely transported NGF, 
we found that if rats were treated with a higher dose (200 which is essential for survival (Hendry, 1975; Levi-Mon- 
mg/kg, two times/day) significant numbers of degener- talcini et al., 1975; Aloe et al., 1975; Johnson et al., 1979). 
ating terminals were observed in the sweat glands. We In contrast to the relative lack of effect of 6-OHDA on 
do not know whether all sweat gland fibers can be elim- mature sweat gland innervation, we have found that 
inated by increasing the dose further because higher neonatal treatment with 6-OHDA eliminates the devel- 
doses (300 mg/kg, 1 or 2 days) proved lethal. oping sweat gland innervation and, therefore, results in 



1546 Yodlowski et al. Vol. 4, No. 6, June 1984 

the absence of sympathetic terminals from the mature 
glands. Catecholamine histofluorescence and TH-IR 
were missing from the developing glands, and AChE 
staining, VIP-IR, and morphologically characteristic ax- 
onal varicosities were missing from the mature sweat 
glands. The parasympathetic innervation of the iris and 
submandibular gland assayed by AChE staining was 
unaffected by neonatal 6-OHDA treatment. 

The effective destruction of the developing sweat gland 
innervation was not restricted to a single adrenergic 
neurotoxin, 6-OHDA. In rats, chronic treatment of neo- 
natal or adult animals with guanethidine has been shown 
previously to cause the destruction of peripheral norad- 
renergic sympathetic neurons (Eranko and Eranko, 1971; 
Burnstock et al., 1971; Johnson and O’Brien, 1976; Heath 
and Burnstock, 1977; Herskovits and Singh, 1982). Like 
6-OHDA, guanethidine is accumulated in noradrenergic 
neurons via the high affinity uptake system (Mitchell 
and Oates, 1970). However, in contrast to 6-OHDA, the 
guanethidine-induced destruction appears to be mediated 
by the immune system (Manning et al., 1982, 1983). We 
found that chronic treatment of neonatal rats with gu- 
anethidine replicated the effects of neonatal 6-OHDA 
treatment on the developing sweat gland innervation. 
AChE, VIP-IR, and typical sympathetic axonal varicos- 
ities were absent, while SP-IR and sensory terminals 
were present in the treated animals. 

During development, the axons which initially become 
associated with the sweat glands exhibit prominent ca- 
techolaminergic properties during the second postnatal 
week. They possess TH-IR (Siegel et al., 1982), formal- 
dehyde-induced catecholamine histofluorescence, and 
SGV after permanganate fixation (Landis and Keefe, 
1983). AChE and VIP-IR appear at 10 days (Siegel et 
al., 1982). Then, as the axons form an extensive plexus 
and the glands mature, the noradrenergic properties de- 
crease and AChE and VIP-IR increase (Siegel et al., 
1982; Landis and Keefe, 1983). Initially, all of the sweat 
gland axons contain SGV, but during the transitional 
period, the proportion of SGV in the terminals decreases 
while degenerating terminals are never seen. The ultra- 
structural observations suggest that the changes in neu- 
rotransmitter-related properties observed with the light 
microscope occur in a single population of axons and, 
therefore, that the early noradrenergic innervation gives 
rise to the mature, functionally cholinergic innervation. 

The absence of cholinergic sympathetic innervation in 
adult rats following neonatal 6-OHDA and guanethidine 
treatment provides further evidence for neurotransmitter 
plasticity in the sweat gland axons. An alternative expla- 
nation for our observations is that the noradrenergic 
fibers serve as pioneer fibers (e.g., Bentley and Keshish- 
ian, 1982; Ho and Goodman, 1982) and their elimination 
prevents the ingrowth of later arriving cholinergic axons. 
We cannot exclude this possibility at the present time, 
but it is clear that sensory fibers, present in the local 
environment, at least can grow into and innervate the 
glands of the 6-OHDA-treated animals. A similar func- 
tional transition involving the loss of noradrenergic 
properties may occur during neuronal development in 
the embryonic rodent gut. On embryonic day 11, a pop- 
ulation of TH-IR and catecholamine histofluorescent 
cells appears (Cochard et al., 1979; Teitelman et al., 

1979), but by embryonic day 14 the TH-IR and cate- 
cholamine fluorescence have disappeared. Several lines 
of evidence suggest that the transient catecholaminergic 
cells have not died but rather changed their properties 
(Jonakait et al., 1979, 1981; Kessler et al., 1979). Al- 
though the evidence is consistent with transmitter plas- 
ticity in this system, it has been difficult to establish the 
final phenotype of these cells and thereby a transitional 
state. 

The sympathetically denervated sweat glands of rats 
treated as neonates with 6-OHDA do not remain unin- 
nervated. Some of the axons that grow in are immuno- 
reactive for SP and are presumably sensory in origin 
since they degenerate following removal of lumbar sen- 
sory ganglia. The axon terminals appear morphologically 
different from those normally present in the glands since 
they contain almost no small synaptic vesicles and only 
small numbers of large dense-core vesicles. It is of inter- 
est that these terminals are also morphologically differ- 
ent from the central terminals of SP-containing neurons 
that contain numerous synaptic vesicles (Barber et al., 
1979; De Figlia et al., 1982). In contrast to sweat glands 
in cat, which do contain SP-IR fibers (Hokfelt et al., 
1975,1977; Polak and Bloom, 1981), the sweat glands of 
rats do not normally contain SP-IR fibers, and we do 
not know if these endings play any functional role in the 
6-OHDA-treated animals. The glands develop relatively 
normally by morphological criteria when innervated by 
sensory, rather than sympathetic, axons. This observa- 
tion suggests that either the glands do not require trophic 
interactions with neurons or that the sensory axons can 
substitute for sympathetic. Despite their ingrowth into 
the sweat glands, the sensory axons, in contrast to the 
cholinergic sympathetic axons, do not acquire AChE 
activity. 

The response of sensory afferents to sympathetic de- 
nervation is not restricted to sweat glands. An increase 
in sensory SP-IR has been detected with radioimmu- 
noassay (RIA) in irides of rats treated with 6-OHDA as 
neonates (Kessler et al., 1983a, b). We have also observed 
a significant increase in the number of SP-IR fibers in 
the irides of rats treated with 6-OHDA as neonates. This 
suggests that the increase in SP levels observed with 
RIA is the result of sprouting in the sensory plexus of 
the iris. However, we cannot exclude the possibility that 
the apparent increase in the density of SP-IR fibers was 
due to increases in SP-IR in axons already present but 
not previously detected with our immunocytochemical 
assay. The SP-IR sensory plexus did not increase in all 
of the sympathetically denervated targets. No obvious 
increase in the number of SP-IR fibers along blood 
vessels was seen in the present study or in the pineal in 
a previous study (Kessler et al., 1983a, b). 

NGF is a likely candidate to mediate the response of 
sensory afferents to sympathetic denervation. NGF has 
been shown to affect both sympathetic and sensory neu- 
rons with respect to directing axonal growth (Campenot, 
1977; Menesini Chen et al., 1978; Letourneau, 1978; 
Gundersen and Barrett, 1979) and trophic regulation of 
neurotransmitter and peptide levels (Gorin and Johnson, 
1980; E. Johnson et al., 1980; Kessler and Black, 1980, 
1981; Thoenen and Barde, 1980; Goedert et al., 1981; 
Ross et al., 1981; Levi-Montalcini, 1982). Both sensory 
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and sympathetic denervation of the iris have been shown 
to result in the appearance of NGF-like activity (Ebendal 
et al., 1980), and injection of anti-NGF has been shown 
to block the increase in SP-IR observed in the iris after 
sympathetic denervation (Kessler et al., 1983b). Our 
observations suggest that the sweat glands like the iris 
produce NGF-like activity upon denervation but that 
blood vessels may not. It will be of interest to examine 
the mechanisms that determine the relative contribu- 
tions of sympathetic and sensory innervation of periph- 
eral targets, such as the sweat gland and iris. 
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